INTRODUCTION
A major EI Nino event occurred in the equatorial and tropical Pacific Ocean during late 1982 and early 1983. Evidence for other major El Nino events dating back to 1525 has been found in the historical record by Quinn et al. [1987] . However, the cause of El Nino and its effects at higher latitudes is subject to debate. The response of the midlatitude ocean to atmospheric forcing and to propagating oceanographic events originating in the equatorial Pacific is the focus of this paper. Pares-Sierra and O'Brien [1989] first compared the modeled response of the northeast Pacific Ocean due to atmospheric forcing with the modeled response due to oceanic forcing in the form of Kelvin waves along the Pacific coast for the years 1961 through 1979. In this paper we extend the model results throUgh 1984 and track coastal signals to their source in the equatorial Pacific Ocean. We focus on forcing of the 1982-1983 EI Nino and seasonal variations of nearshore currents.
At the annual period the oceanic signal in the northeastern Pacific was attributed to large-scale wind forcing (i.e., greater than 1000 km) by Halliwell and Allen [1984] . Their comparison between the ocean's response, as indicated by sea level variance, and different directions of propagating atmospheric disturbances showed a stronger response to atmospheric events with poleward motion than to events with equatorward motion. At longer periods, other mechanisms in addition to atmospheric forcing were shown to be important. To explain observations of s~a level variability off the coast of Oregon, Clarke [1977] invoked both free and forced waves as solutions to the linear, wind-forced, quasigeostrophic equations. These waves contributed to the variability along the west coast at the forcing period [Gill and Schumann, 1974] . At periods between 2 and 5 years, ParesSierra and O'Brien [1989] identified a major source of sea level variability along the coast of North America as poleward propagating baroclinic Kelvin waves. Studies focusing copyright 1990 by the American Geophysical Union.
Paper number 89JCO3614. 0 148-0227 ~JC-O3614$OS. 00 71 on periods longer than 1 year [Simpson, 1984; Norton et al., 1985; Huyer and Smith, 1985; Rienecker and Mooers, 1986; show the importance of both the atmosphere and the ocean to variability over a range of periods.
The comparative strengths of forcing by the atmosphere and by the ocean are the basis for two hypotheses that explain large-scale ocean variability in the northeast Pacific. Th~se hypotheses, discussed by Emery and Hamilton [1985] , explain how El Nino is triggered and subsequently modifies the tropical and mid-latitude Pacific Ocean. Although some authors may disagree with our catagorizing their work, Table 1 attempts to identify the causes of oceanic variabilitY associated with El Nino and, at least, shows that EI Nino forcing is incompletely understood.
The atmospheric teleconnection, first suggested by Bjerknes [1966] , requires a dynamic link between the atmosphere and the ocean and is supported by both observation and theoretical studies [Emery and Hamilton, 1985] . The atmospheric teleconnection links the tropical to the midlatitude Pacific Ocean via the atmospheric Hadley cell. Cold sea surface temperature (SST) anomalies in the subtropical Pacific Ocean produce an atmospheric downdraft: that reduces the Hadley circulation [Huang, 1978] .
McCreary and Anderson [1984] showed that Walker circulation becomes active when the eastern Pacific basin is cool. When Walker circulation is active, equatorial Kelvin waves are excited, and propagating eastward, they eventually reflect at the eastern boundary as Rossby waves. After several months, these westward propagating Rossby waves reflect at the western boundary as Kelvin waves. Propagating eastward, they allow the basin to return to equilibrium. They also carry information poleward along the coast. Rienecker and Mooers [1986] related the anomalous atmospheric circulation in the northeast Pacific to unusual conditions along the west coast of North America during the 1982-1983 El Nino. They also suggested that temperature anomalies along the west coast may be related to northward propagating coastally trapped waves. Poleward propagation of information is central to the oceanic teleconnection hypothesis. Huyer and Smith [1985] Weare et al. [1976] EOFs of SST data, 1949 SST data, -1973 Elifield and Allen [1980] correlations of SST and SSH anomalies Chelton and Davis [1982] EOFs of monthly tide gauge data Rasmussen and Carpenter cross-spectral analysis of satellite data and [1982] surface and ship observations Rasmussen and Wallace observational data and inferences from [1983] atmosphere general circulation models Pan and Oort [1983] correlations of 15 years (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) of ship and rawinsonde data Simpson [1983 Simpson [ , 1984 scale analysis of subsurface ship data Emery and Hamilton correlations of SST and SSH along coastal [1985] British Columbia from meteorological and oceanographic data Huyer and Smith [1985] CI'D measurement off Oregon Wyrtki [1985a] mapping and sea level data Rienecker and Mooers SST and atmospheric data [1986 [ ] Lagos et al. [1987 SST along equatorial Pacific and coastal Peru x
The authors listed at left have examined El Nino and/or the mid-latitude EI Nino. Their data and methods (described in the middle column) give support to the oceanic or atmospheric teleconnection hypothesis as a forcing mechanism in the mid-latitudes. EOF, empirical orthogonal function; SST, sea surface temperature; SSH, sea surface height; CID, conductivity-temperature-depth.
sented. The following section presents model data in support of the oceanic pathway for the mid-latitude EI Nino. Comparisons between model results and observational data are also presented. The conclusions follow.
NUMERICAL MODELS
The results presented in this paper depend upon two primitive equation transport models of the equatorial and northeast Pacific Ocean. The equatorial Pacific model is linear and includes the entire west-east extent of the Pacific Ocean from from 2008 to 25~. A second model of the northeast Pacific is nonlinear and extends from lSON to 500N from the west coast of North America to 155OW, the longitude of Hawaii. Neither model includes topographic effects. temperature-depth (CfD) and moored instrument data to conclude that the first signal of the 1982-1983 El Nino arrived by an oceanic path but that local forcing by the atmosphere reinforced El Nino conditions off the coasts of Oregon and Washington.
An oceanic teleconnection requires that the ocean carry information from the equatorial Pacific eastward in the equatorial waveguide and then poleward along coastal North and South America. In support, Moore [1968] , and later Clarke [1983] , established that eastward propagating disturbances, upon reflection at the equatorial eastern boundary, excite poleward propagating disturbances. Using Clarke's [1983] remote wind forced coastally trapped wave theory, Battisti and Hickey [1984] found high coherence squared between observed alongshore velocity and the predicted subsurface pressure along the Oregon and Washington coasts. During the summers of 1972 and 1978, the region of remote forcing was located between San Francisco and Cape Mendocino, California.
A poleward propagating signal was shown to be coherent over scales of several thousand kilometers by Spillane et al. [1987] using hourly sea level observations along the west coast of North and South America. When coherence between coastal sea level events and the local atmospheric pressure, the wind-stress, and the wind stress curl was found to be poor, remote forcing from the equatorial Pacific waveguide was suggested.
These observations illustrate possible effects of atmospheric driving and propagating ocean waves. To examine the role of the atmosphere and of remote ocean signals in driving variability along coastal America, we utilize two existing numerical models of the equatorial and northeast Pacific Ocean. These models are well documented and reproduce many of the observed upper layer features of the large-scale ocean Kubota and O'Brien, 1988 ; Pares-Sierra and O 'Brien, 1989] .
In the next section, a discussion of the models is pre- Figure 2 is from case III simulations and shows contours of the model upper layer thickness (UL T) off the coast of North America. UL T is an analog variable of the depth of the main thermocline and often corresponds to the sea surface temperature. Although this general relation between ULT and SST has exceptions, it is generally true in the context of this paper [see Wyrtki, 1985b] .
For the results in this paper, we made some modifications to the original numerical code and corrected some minor errors in the northeast Pacific model of Pares-Sierra and O'Brien [1989] . In addition to the code modifications, the drag coefficient was increased to 1.5 because the frequency response function between tbe wind-forced model and observations showed a weak ocean response. With these changes, the simulations between 1975 and 1979 were rerun, and then the model simulations were extended through 1984.
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The variables U and V are transport in the east and north directions, H is the depth of the upper layer, 8' is the reduced gravity, equal to g(b.plp), 'T' and 'T. are the wind stresses applied as a body force over the upper layer, A is an eddy viscosity coefficient, a is the radius of the Earth, and n is the Earth's rotation rate. To explore the effect of the equatorial Pacific on the mid-latitude ocean, the solutions from the equatorial model force the southern boundary of the northeast Pacific model from the coast westward 1600 km. This form of coupling allows the equatorial Pacific model solution to drive the northeast Pacific model. The 1600-km connection is long, and we expect that it could be reduced. The original hypothesis was that coastal Kelvin waves propagating from the equatorial model poleward to the mid-latitudes influenced the oceanography in the northeast Pacific. To insure that all the information near the coast passed into the northern model, an open connection of 15° (1600 km) was specified. In retrospect, we believe that the length could be reduced to a few degrees (several hundred kilometers) without altering the results discussed in this paper.
To isolate In this figure, currents are nearly geostrophic and generally follow contour lines. An eastward turning of the current (paralIel to the 200-m contour line that contains the shaded area) near 300N is evident in both frames of Figure 2 . This shoreward bend has been discussed before [Reid et aI., 1963] and is claimed to be a permanent feature of the California Current system [Hickey, 1979] . It is always present in our model results, although its southern extent shows yearto-year variability.
The source of the EI Nino signal is traced to the western equatorial Pacific Ocean. The data are from both the equatorial and northeast Pacific models along the data line ABCD shown in Figure I . The data line extends along the equator from point A in the west to point B at the coast of Central America, and continues poleward along the coast through point C and northward to point D at the northern limit of the northeast Pacific model ,-~O' """ Q""'" ~ '
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iscussed by and Kubota and O'Brien [ 1988] . Comparison between observations and the northeast Pacific model results prior to 1980 shows very good agreement as well [Pares-Sie"a and O'Brien, 1989] .
Monthly means of observed sea-level were obtained from K. Wyrtki (personal communication, 1988) for all available coastal stations between 18~ and 50~. Time series of coastal sea-level data between 1975 and 1984 are shown in the top frame of Figure 4 . The lower frames show the model data from the boundary-forced, wind-forced, and wind-and boundary-forced simulations extracted from model grid points corresponding to the coastal stations. The station spacing along the vertical axis is .proportional to the distance between stations. Figure 4 shows that the model data are visually more coherent between stations than the observed data. Wind forcing alone produces weaker sea level fluctuations for the more equatorward stations, and there is no evidence for the 1982-1983 El Nino. According to observations of Buyer and Smith [1985] , anomalously high sea level reached the Pacific northwest coast in October 1982 via an oceanic path. The observed sealevel at Neah Bay is shown at the top of Figure  4 . A large increase in sea level is observed there in late 1982. The boundary forced and wind plus boundary forced results (Figure 5 ), the wind-forced signal contributes strongly to periods at and above the annual. The remote-forced signal contributes only at the very long periods, near the limit of this time series.
In general, the model results are generally coherent with observed sealevel at San Diego.
A different result emerges from the coherence squared between modeled and observed data from Neah Bay, Washington ( Figure 6 ). The wind-forced solution shows coherence squared above the 95% level for periods from 60 days up to 180 days. Between 200 and 300 days, the amplitude falls and then increases near the annual period and remains above the 95% level at periods above the annual. The remote-forced solution contributes to the signal only at very long periods near the resolution of the time series. Figures 5 and 6 both show that the remote signal from the equatorial Pacific influences coastal North America at interannual periods. In contrast, driving by the wind influences sea level at longer periods (interannual and above) along the northern North American coast (e.g. Neah Bay) but plays only a weak role at long periods along the southern portion of the coast (e.g. San Diego). The spectral trend between these two stations (from spectra not shown here) shows no abrupt transition in the relation between boundary and wind forcing from the northern to southern stations. There is no station where wind forcing suddenly dominates or boundary forcing suddenly weakens.
We have shown that the influence of wind forcing along the coast changes character smoothly between San Diego and Neah Bay. The wind-forced signal along the coast for 1975 through 1984 is shown in Figure 7 . The spatial and temporal mean has been removed, and values less than the IO-year mean are shaded. In this and the following figures, the time axis increases along the abscissa. A thickening trend (unshaded) begins in the south and progresses northward between 1975 and 1977, the time of the 1976 El Nifio. For this El Nifio, atmospheric forcing appears to thicken the upper layer. Thickening begins again in 1979 and extends through late 1982. The thickening in 1979 might be construed as the beginning of an El Nino, but the anomalous conditions observed in the Pacific in 1980 were termed non-EI Nino [Quinn et al., 1987] . Wind-induced thickening of ULT, as seen during 1976, is absent along the coast during the period from 1982 to late 1983. Instead, the wind thins the upper layer along much of the coast, indicated by shaded ULT along coast beginning in mid to late 1982.
Thin UL T (indicative of a shallow thermocline) is expected to reduce El Nino warming. During 1982 and 1983, positive wind stress curl dominates much of the coast, with only patches of negative curl found between 23°N and 31°N (Figure 11, bottom) . Near the southern boundary between 1981 and 1984, negative curl is very strong, exceeding the mean by more than 2 standard deviations. However, the region is limited and appears to have little effect in thickening ULT in the south. In the north, poleward alongshore wind stress (or') is anomalously strong (see the shaded region of poleward wind stress in early 1983 in the top frame of Figure 11 ). The strong poleward stress reduces coastal BOUNDARY FORCED l200w (Figure l2c ). This thickens UL T, causing the dip in the contour line during mid-l983 between ll5°W and l200W.
Similar wind-forced changes in UL T are visible in the other contour plots at 35°N and 45~. For example, a burst of positive curl (greater than 2 standard deviations above the mean) in early 1980 at 35°N between 135OW and 1500W (Figure l2b) , causes thinning at l45OW, resulting in slowing of offshore propagation (Figure 9b) , indicated by the change in orientation of the zero contour line. At 45°N (Figure 9a ), westward propagation of the positive ULT (at l45OW in early upwelling by pumping fluid toward the coast, maintaining thick UL T seen between 38~ and 500N in Figure 7 in late 1982 and early 1983. In this region, atmospheric forcing strengthens the EI Nino response, in agreement with Buyer and Smith [1985] ; elsewhere, atmospheric forcing appears to weaken the EI Nino response.
The northeast Pacific boundary-forced model solution from case n is shown in Figure 8 . There are thick bands of ULT during late 1976, the anomalous non-EI Nino year of 1980 of , and between 1982 Figure 8 is the signal from the 1982-1983 EI Nino. Its amplitude is larger then the signal during 1976 or 1980 by more than a factor of 2. The model results suggest that this signal accounts for the large values of sea level observed along the coast in late 1982 Buyer and Smith [1985] . Figure 8 shows that the 1982-1983 EI Nino resulted from signals traveling along the coast. Offshore propagation initiated by the coastal UL T signal subsequently modifies ULT offshore.
Offshore propagating signals in ULT from the wind-forced model are shown in Figure 9 for the latitudes 25°N, 35°N , and 45~. The difference in phase speed is evident among all three frames, with the phase speed (the general slope of the contour lines) decreasing from south to north. At 25°N the phase speed is 4.3 cm s -I, decreasing to 2.3 cm s -I at 35°N, and decreasing again to 1.1 cm s -I at 45°N. These speeds are somewhat faster, but in general agreement with phase speeds of long planetary waves (flik = _/3a2 [Gill, 1982, p. 503] ). For 25°N, 35°N, and 45°N , the expected speeds are 3.4 cm s -I, 1.7 cm S-I, and 1.0 cm S-I, respectively.
Variability in the speed of offshore propagation due to wind forcing is indicated by curved contours in Figure 9 . At 25°N, a small burst of positive wind stress curl at 145°W in early 1982 (Figure 12c ) causes thinning of ULT and an apparent slowing of the offshore speed indicated by the more vertical nature of the zero contour line at 145°W in early 1982 (Figure 9c) . In mid-1983, negative curl extends eastward to There is no simple relation between EI Nino and largescale wind stress forcing. Strong poleward pulses in wind stress are visible in Figure 11a . There is an especially strong burst in early 1983. Along the remaining coast, equatorward wind stress thins UL T, augmenting coastal upwelling. Along the coast, the wind stress curl (Figure 11b ) between San Diego and Neah Bay has a strong negative pulse in early 1978. The negative pulse visibly thickens ULT (see Figure  7) . 1983) is slowed and nearly halted owing to unusually large positive curl at that time (FigUre 12a) .
Without the modifying effects of the wind stress curl, offshore propagation of Rossby waves is generally constant (Figure 10 ). An unusual feature is the wavelike structure in the zero contour line at 130oW in early 1979 (Figure lOb) . In early 1979, the apparent propagation speed of this feature slows and even reverses. Slowing in the offshore propagation speed is evident at 45°N along the zero contour line that originates in early 1977. We believe these changes are due to Rossby wave dispersion as it propagates westward. As the amplitude spreads out, the region of zero mean ULT is modified.
Important to alongshore propagation is a change in the character of the wind stress curl before and after 1980. important relation between the temporally varying wind field and the ULT along the coast.
Time variations of the wind stress curl at 25°N, 35~, and 45~ are related to the seasonal variability of UL T along the coast. To examine this, we have removed the temporal mean of ULT along the coast at each coastal station. In Figure 13 , stations along the Gulf of California have not been included in the data line along the coast, so that at 23°N the data points jump from the coast of Mexico across the gulf to the southern tip of the Baja Peninsula.
Propagation along the coast (at 40 cm S-I or 35 kin d-l) can be seen by the slight inclination of the contour lines (Figure 130 ). The phase speed is the same as that found by Chelton and Davis [1982] in 29 years of monthly mean tide gauge data along the coast of North America. The poleward propagating signal was described by Chelton and Davis as the interannual aspect of the coastal record and was related to EI Nino. The interannual nature' of their signal contrasts the signal from this model. For example, the model poleward negative curl to thicken UL T in the south, but that is not evident in the ULT from the wind-forced model. Offshore at 25°N (Figure 12c ), wind stress curl remains negative from 1975 tbrO\1gh 1984 and ~oes not indicate a characteristic change in the winds in 1980. Instead, wind stress curl at 25°N shows a region of strong negative curl penetrating shoreward during early 1983.
The coastal response, however, is related to the alongshore equatorward wind stress (Figure 11a ), in agreement with the conclusions of Hickey [1979] . Strong equatorward winds extend southward during the post-1980 period and extend farthest south during 1982 and 1983. At this time, the winds thin UL T (Figure 7 ) along the coast and do not reinforce the EI Nino response driven by the remotely forced coastal waves. At seasonal time scales, however, there is an lated with the changing alongshore wind stress. Both signals (ULT and (a/arT)'), show slightly out of phase (about 2 months) seasonality. As the lag increases the regions of positive and negative correlation continue to move up and to the left. This transition can be seen by following the 0.25 contour line from a lag of zero months through 1 month and on to a lag of 2 months. Thus the slowly moving seasonal signal along the coast appears to be related to the seasonally changing wind stress, rather than to remotely forcedEI Nino events which drive coastal currents at periods from 2 to 5 years.
propagating UL T is seasonal, showing alternating positive and negative values. During the years between 1979 and 1983 the thin UL T (shaded) begins several hundred kilometers north of the model southern boundary.
The nature of this seasonal signal, i.e. the rapid poleward propagation, suggests that it may be Kelvin wavelike in character, although the phase speed is too slow for a first-mode Kelvin wave. We have examined the temporal change in alongshore wind stress as a possible mechanism for forcing, because it is time variations in wind stress that excite Kelvin waves. The role of seasonal variations in alongshore wind stress has been thoroughly explored by Hickey [1979] in a complete description of the current system offshore California. Those findings indicate that variations in alongshore wind stress are the primary driving force for the currents nearshore, but that the large-scale structure of the wind stress curl acts to damp the amplitude and modify the phase so that there are times when the current appears to lead the wind stress. Below, we examine the relation between the seasonal model UL T field along the coast and the meridional component of the wind stress for the Pacific coast from Baja to 500N. Figure 13b shows the time derivative of the alongshore wind stress, (alat),,)'. The alongshore wind stress is southward (except for a small region in the far north of the model), and the shaded values indicate accelerating southward winds. The character of the signal is similar to that of UL T. A difference between the character of the two signals, however, can be seen near 35°N, between San Diego and San Francisco. The poleward progression of wind acceleration stalls for 2 to 4 months before continuing poleward, and the stalling position differs from year to year. The sharp bends in the zero contour lines indicate stalling. During 1976 through 1978, the signal stalls as far south as 200N, but in other years it stalls near 35°N. The signal stalls longest, and at its most northern position, during the 1982-1983 EI Nino. At present, we cannot explain how this may effect the development of EI Nino.
The correlation between the time derivative of the alongshore wind stress and ULT is shown in Figure 14 for zero, I-month, and 2-month lags (where ULT lags (alat),,)'). The shaded region shows the area that is correlated above the 95% confidence limit. The stations where data were extracted are evenly distributed along the model coastline. The strongest correlation, with a value of -0.75, is seen at the left in each of the three frames. This region and the region of positive correlation to the right slowly move to the top of the frame as the lag increases, indicating that the UL T signal has moved poleward away from the region of forcing. This plot suggests that this signal is forced primarily in the southern region of the model. Otherwise, the correlation would be expected to fall along the diagonal line where the latitudes of ULT and (alat),,)' are the same.
Conceptually, we believe that as the southward winds increase in strength «alat),,)' is negative), the Ekman transport offshore increases, allowing UL T to fall. Although the ULT response is rapid, it does not begin to fall below the mean value until about 1 month later, when positive correlation moves onto the diagonal. As the lag increases (from top to bottom in Figure 14) , the positive correlation along the diagonal increases. After 2 months, most of the stations northward of the more northern 23~ (the region between the two 23°N is the Gulf of California) are positively corre- Hickey [1979] notes that off the Washington and Oregon coast (but over the continental shelt), the currents lead the wind stress. Citing the work of Anderson and Gi// [1975] , Hickey concludes that the lag difference in phase can be explained by wave theory where coastally trapped waves carry the response poleward from the region of wind stress forcing. However, there is no topography in the model presented here, so trapping by the shelf slope is not a possible explanation for our results. We suggest, then, that the phase relation may be modified by the large-scale wind stress curl at the northern latitudes.
CONCLUSIONS
Two primitive equation numerical models of the equatorial and northeast Pacific Ocean are used to examine the role of Kelvin waves in carrying information poleward along the coast of Central and North America and driving EI Nmo. The coastal Kelvin waves are the dominant factor in coastal variability at the annual and interannual periods for the mid-latitudes (i.e., EI Nmo), but their influence is diminished near the more northern latitudes of the model (poleward of 45°N). Coastal Kelvin waves are central to the development of the mid-latitude EI Nino along the coast of North America because they excite offshore propagating Rossby waves. The coherence between the model and observed data showed that at longer periods, the ocean response at northern latitudes is more strongly related to the wind field than the response at southern latitudes.
Offshore propagation of the coastal signal modifies the central Pacific Ocean at EI Nino time scales (2 to 5 years) and is directly related to wind forcing approximately 1 year earlier in the western equatorial Pacific. The pathway along the equatorial waveguide and along the coast carries the EI Nino signal to the mid-latitudes. Local wind forcing modifies the offshore propagating signal. Accelerations of the alongshore wind stress are also shown to affect the seasonal sealevel along the coast. This seasonal signal propagates at 40 cm s -I poleward along the coast. Seasonal accelerations of the alongshore wind stress are shown to be correlated with the ocean signal, although stalling in the poleward progression of the wind stress acceleration evident at midlatitude, decreases the correlation in the northern latitudes. This seasonal mechanism appears to be unrelated to the formation (at longer periods) of the mid-latitude EI Nino.
